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ABSTRACT
In many bacteria and archaea, small RNAs derived
from clustered regularly interspaced short palin-
dromic repeats (CRISPRs) associate with CRISPR-
associated (Cas) proteins to target foreign DNA for
destruction. In Type I and III CRISPR/Cas systems,
the Cas6 family of endoribonucleases generates
functional CRISPR-derived RNAs by site-specific
cleavage of repeat sequences in precursor tran-
scripts. CRISPR repeats differ widely in both
sequence and structure, with varying propensity to
form hairpin folds immediately preceding the
cleavage site. To investigate the evolution of
distinct mechanisms for the recognition of diverse
CRISPR repeats by Cas6 enzymes, we determined
crystal structures of two Thermus thermophilus
Cas6 enzymes both alone and bound to substrate
and product RNAs. These structures show how the
scaffold common to all Cas6 endonucleases has
evolved two binding sites with distinct modes of
RNA recognition: one specific for a hairpin fold and
the other for a single-stranded 50-terminal segment
preceding the hairpin. These findings explain how
divergent Cas6 enzymes have emerged to mediate
highly selective pre-CRISPR-derived RNA processing
across diverse CRISPR systems.
INTRODUCTION
Clustered regularly interspaced short palindromic repeats–
CRISPR-associated (CRISPR–Cas) systems are bacterial
adaptive immune systems that use CRISPR-derived
RNAs (crRNAs) together with Cas proteins to defend
against invasive genetic elements including bacteriophages
or plasmids (1–4). Found in many bacterial and most
archaeal genomes, CRISPR loci are transcribed as long
pre-crRNAs that are processed enzymatically into 60-nt
mature crRNAs (5). In association with Cas proteins,
crRNAs target foreign genetic elements for destruction by
base pairing to complementary sequences in phage or
plasmid DNA.
Ribonucleases belonging to the Cas6 clade of Repeat-
Associated Mysterious Proteins (RAMP), found within
Type I and III CRISPR–Cas systems, share the ability to
recognize and cleave a single phosphodiester bond in a
short repeated sequence of the pre-crRNA transcript
(1–4,6). Cas6-mediated cleavage produces mature crRNAs
bearing a unique spacer-derived guide sequence ﬂanked by
repeat-derived sequences on the 50 and 30 ends (5,7,8). Cas6
enzymes are metal-independent nucleases that catalyze
RNA cleavage via a mechanism involving a 20–30 cyclic
intermediate (8,9). Structural studies have shown that
Cas6 enzymes share a common ferredoxin or RNA recog-
nition motif (RRM) fold despite having widely divergent
amino acid sequences (7,8,10–12). This sequence divergence
has been thought to be responsible for the ability of Cas6
enzymes to recognize different kinds of RNA substrates.
Many Type I CRISPR repeat sequences have the potential
to form stable hairpin structures (13), which create the
major-groove binding sites for Pseudomonas aeruginosa
Cas6f (PaCas6f, also known as Csy4) and Thermus
thermophilus Cas6e (TtCas6e, also known as Cse3 or
CasE) enzymes (8,10,11,14). By contrast, a subset of Type
I and Type III CRISPR systems derive their crRNAs
from loci in which the repeat sequences are predicted to
be unstructured. Crystallographic studies of Pyrococcus
furiosus Cas6 (PfCas6), a prototypical Cas6 enzyme that
cleaves an unstructured repeat sequence, have revealed
that the ribonuclease recognizes a 50 terminal region of
the repeat at a considerable distance upstream of the
cleavage site (15).
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To determine how the Cas6 enzyme family has evolved
distinct RNA recognition capabilities based on a
conserved structural core, we investigated two Cas6
enzymes associated with CRISPR loci in which the
crRNA repeat sequences are predicted to form weak
hairpin structures. These T. thermophilus enzymes, here-
after referred to as TtCas6A and TtCas6B, are each pre-
dicted to recognize a four-base pair stem-loop just
upstream of the cleavage site within pre-crRNA tran-
scripts. Five crystal structures of TtCas6A and TtCas6B,
both alone and in complex with their cognate substrate
and product RNAs, show that although TtCas6A and
TtCas6B share nearly identical structures, they use
distinct modes of RNA recognition. Furthermore,
binding studies and kinetic assays, together with compari-
sons with related Cas6 crystal structures, reveal a binding
mechanism in which both the stem-loop of the repeat
RNA and a single-stranded upstream 50 segment are in-
dispensable for substrate recognition, implying a func-
tional link between two distinct RNA binding surfaces
in Cas6 enzymes. These ﬁndings provide an explanation
for the evolutionary relationship between Cas6 enzymes
with orthogonal substrate recognition capabilities and
suggest mechanisms by which distinct substrate binding
modes can evolve from a single protein scaffold.
MATERIALS AND METHODS
Protein expression and puriﬁcation
The genes encoding TtCas6A (TTHA0078) and TtCas6B
(TTHB231) were ampliﬁed from genomic DNA of
T. thermophilus HB8 and cloned into customized pET-
based expression vectors (pEC-K-His and pEC-K-His-
MBP) using ligation-independent cloning, resulting in
protein constructs in which TtCas6A or TtCas6B were
fused downstream of a hexahistidine afﬁnity tag (pEC-
K-His) or a hexahistidine-maltose-binding protein
(MBP) tag (pEC-K-His-MBP) and a tobacco etch virus
protease cleavage site. R22A, R129A and H37A mutants
of TtCas6A and the H23A and H42A mutants of TtCas6B
were generated using the QuikChange site-directed muta-
genesis method (Agilent), and point mutations were
veriﬁed by DNA sequencing. Expression plasmids were
transformed into Escherichia coli BL21 Rosetta 2 (DE3)
cells (Novagen), and protein expression was induced using
200mM IPTG at an optical cell density (OD600) of 0.7,
followed by shaking at 18C for 16 h. Cells were harvested
and lysed by sonication in 20mM Tris-HCl (pH 8.0),
250mM KCl, 20mM imidazole, supplemented with
0.2mg/ml lysozyme and protease inhibitors (Roche). For
cleavage assays and crystallographic purposes, the
proteins were puriﬁed as N-terminal hexahistidine
fusions as follows. The cleared lysate was incubated with
Ni-NTA afﬁnity resin (Qiagen) in 20mM Tris-HCl
(pH 8.0), 250mM KCl and 20mM imidazole, and
hexahistidine-tagged protein was eluted with 250mM
imidazole. Eluted proteins were then dialyzed against
20mM Tris-HCl (pH 7.5), 150mM KCl and 1mM
TCEP in presence of tobacco etch virus protease, which
was followed by a second Ni-NTA step to remove the
hexahistidine tag. Proteins were further puriﬁed by size-
exclusion chromatography using a Superdex 75 (16/60)
column (GE Life Sciences) in 20mM Tris-HCl (pH 7.0)
and 250mM KCl. For electrophoretic mobility shift
assays (EMSAs), the proteins were expressed as
hexahistidine–MBP fusions and puriﬁed without prior
proteolytic cleavage and removal of the MBP tag by
size-exclusion chromatography using a Superdex 200
(16/60) column in the same buffer.
RNA transcription and labeling
The non-cleavable substrate mimicking R1 stem-loop
(1–14, 30–36) RNA carried a 20 deoxynucleotide at
position G28 and was synthesized by Integrated DNA
Technologies. All other RNAs were generated using
in vitro transcription as previously described (14).
Brieﬂy, a synthetic oligonucleotide (Integrated DNA
technologies) carrying the reverse complement of the
desired sequence was annealed to a synthetic oligonucleo-
tide corresponding to the T7 promoter to generate the
transcription template. All transcribed RNAs carried
two G nucleotides at their 50 ends, carried over from the
sequence of the T7 promoter. After 3–5 h, the reaction was
treated with RQ1 DNase (Promega), and RNAs were
puriﬁed by denaturing polyacrylamide gel electrophoresis.
Puriﬁed RNAs were treated with calf-intestinal phosphat-
ase and 50-[32P]-radiolabeled using T4 polynucleotide
kinase and [g-32P] ATP, as previously described (14).
Electrophoretic mobility shift assays
TtCas6A and TtCas6B are positively charged at or near
neutral pH (with predicted theoretical pI values of 9.3 and
9.7, respectively). To improve electrophoretic mobility on
native polyacrylamide gels, MBP fusions of TtCas6A and
TtCas6B (with predicted theoretical pI values of 6.1 and
6.6, respectively) were used in all binding assays. Protein
concentrations were determined with a NanoDrop spec-
trophotometer (Thermo Scientiﬁc) using the calculated ex-
tinction coefﬁcients at 280 nm for MBP–TtCas6A (96 260
M1 cm1) and MBP–TtCas6B (93 280 M1 cm1). To
determine equilibrium product dissociation constants, 20
pM 50–[32P]-radiolabeled substrate RNA was titrated with
increasing concentrations of protein in 20mM HEPES
(pH 7.5), 100mM KCl, 5% glycerol, 0.01% Igepal-630,
1mM DTT and 0.1mg/ml yeast tRNA to prevent non-
speciﬁc RNA binding. All binding reactions were
incubated at 51C for 10min, as elevated temperatures
were required for optimal RNA binding by TtCas6
proteins. Bound and unbound fractions were resolved on
a native 8% polyacrylamide gel at room temperature
using 1 TBE running buffer, detected by phosph-
orimaging using a Storm scanner (GE Healthcare) and
quantiﬁed using ImageQuant software (GE Healthcare).
Binding data were ﬁt using Kaleidagraph (Synergy
Software) according to the equation:
fraction of substrate bound ¼ A ð1+ðKd  ½Cas6ÞÞ,
where A is the amplitude of the curve. The only exception
was binding data collected for MBP–TtCas6A H37A
using substrate R1, where a modiﬁed binding equation
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was applied using a Hill coefﬁcient for negative
cooperativity (n=0.6). Binding data for the H37A
mutant were plotted as follows:
fraction of substrate bound ¼ A ðð1+ðKd  ½Cas6ÞÞÞ0,6,
with A being the curve amplitude. All reported Kd values
represent arithmetic averages of three independent experi-
ments, and error bars are reported as standard error of the
mean (SEM).
Endonuclease cleavage assays
RNA cleavage assays were conducted under single-
turnover conditions using 500-fold excess of enzyme
over RNA substrate. All assays were performed at 51C
in 20mM HEPES (pH 7.5), 100mM KCl and 1mM DTT.
Cleavage reactions contained 10 nM substrate (0.5 nM of
which was 50-[32P]-radiolabeled) and 5 mM protein. Ten-
microliter aliquots were removed at indicated time points
and quenched with 50 ml phenol:chloroform:isoamyl
alcohol 25:24:1 (pH 8.0, Sigma Aldrich). Five microliters
of the aqueous phase was subsequently resolved on a 15%
denaturing (7M urea) polyacrylamide gel. Cleaved and
uncleaved RNA fractions were quantiﬁed by
phosphorimaging as described earlier and ﬁtted to a
single exponential decay curve:
fraction cleaved ¼ A ð1 exp k tð ÞÞ
where A is the curve amplitude, k is the ﬁrst-order rate
constant and t is time. In the case of TtCas6A H37A, the
curve amplitude (A) was ﬁxed at 1 to avoid overestimating
k, because the substrate was not cleaved to completion
even at the latest time point. To reconstitute the activity
of the catalytically impaired TtCas6A H37A mutant, the
cleavage buffer was supplemented with 500mM imid-
azole, pH 8.0.
To test whether TtCas6A and TtCas6B are single-
turnover enzymes, cleavage assays were performed using
10 nM substrate (0.25 nM of which was 50-[32P]-
radiolabeled) and varying molar concentrations of
TtCas6A and TtCas6B (20 nM, 10 nM, 5 nM, 2.5 nM
and 1.25 nM). Aliquots were taken at speciﬁed time
points and the reactions were quenched using phenol/
chloroform. The RNAs were subsequently resolved on a
15% denaturing (7M urea) polyacrylamide gel and the
cleaved and uncleaved fractions were quantiﬁed as
described earlier.
Crystallization
Protein:RNA complexes were reconstituted at room tem-
perature by incubating Cas6 with a 1.25-fold molar excess
of RNA for 1 h in 20mM HEPES (pH 7.5) and 250mM
KCl. The complexes were then puriﬁed by size-exclusion
chromatography in the same buffer using a Superdex 75
(16/60) column (GE Life Sciences) and were subsequently
concentrated to 5–10mg/ml using 10 000 MWCO centri-
fugal concentrators (Millipore). Puriﬁed proteins and
protein:RNA complexes were crystallized at 18C using
the hanging drop vapor diffusion method by mixing
equal volumes of protein or protein–RNA complex and
reservoir solution. TtCas6B crystallized in 0.1M MES
(pH 6.0), 0.2M zinc acetate and 9% (w/v) PEG 6000.
TtCas6A H37A crystallized in 0.1M bis–tris propane
(pH 6.5), 16% PEG 3350 and 0.2M sodium sulfate. The
TtCas6A–R1 substrate mimic complex was crystallized in
0.1M bis–tris propane (pH 6.5), 18% (w/v) PEG 3350 and
0.3M sodium sulfate. Crystals of TtCas6A–R1 product
complex were obtained from 0.2M sodium sulfate, 20%
(w/v) PEG 3350. The TtCas6B–R3 product complex
crystallized in 0.1M Tris (pH 8.5), 13% (w/v) PEG
20 000. Typically, crystals formed within 1–3 days and
were fully grown within 1 week.
Structure determination
All diffraction data were indexed, integrated and scaled
using XDS (16). For TtCas6B, experimental phases were
obtained from a three-wavelength multi-wavelength
anomalous diffraction dataset collected at the Zn
K-edge. The positions of zinc sites were determined
using Phenix.hyss (17). Phases were subsequently
calculated and improved by density modiﬁcation using
solvent ﬂipping using AutoSharp (18). The resulting
electron density maps were of excellent quality, and an
initial model of TtCas6B could be readily built in COOT
(19). Iterative cycles of model building in COOT and re-
ﬁnement in Phenix.reﬁne (20) yielded a ﬁnal model with
Rwork of 21.1% and Rfree of 23.9%. The structure of
TtCas6B bound to R3 RNA was determined by molecular
replacement using the Phaser module in Phenix (21,22).
The apo-TtCas6B structure was used as the search
model, and the resulting phases gave electron density
maps that revealed the presence of two RNA molecules
bound to the TtCas6B dimer. These were initially built in
COOT using idealized dsRNA. The structure was
completed by iterative building and reﬁnement cycles
using COOT and Phenix.reﬁne. Final reﬁnement statistics
for all models are shown in Supplementary Table S1.
All TtCas6A structures were solved by molecular re-
placement. Initially, the apo-TtCas6B atomic model was
used to generate a search model for TtCas6A in Phenix.
This model was subsequently used to solve the structure of
the TtCas6A:R1 substrate RNA complex. Initial molecu-
lar replacement phases were improved using the prime-
and-switch algorithm in RESOLVE (23) to produce a
readily interpretable electron density map revealing two
TtCas6A molecules and one RNA molecule in the asym-
metric unit. The initial atomic model of TtCas6A was built
automatically in Arp/wArp (24), while the RNA molecule
was built in COOT starting from an idealized RNA
hairpin structure. The TtCas6A H37A and TtCas6A–R1
product complex structures were solved by molecular re-
placement using the reﬁned model of TtCas6A and the R1
RNA from the substrate complex. Atomic models were
built using COOT and reﬁned in Phenix.reﬁne. All
models have excellent stereochemistry, as judged using
the Molprobity server (25), with more than 95% of all
protein amino acid residues in the preferred regions of
the Ramachandran plot and no Ramachandran outliers
(Supplementary Table S1).
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RESULTS
TtCas6A and TtCas6B bind and cleave CRISPR repeats
R1 and R3 and retain their product RNAs after cleavage
The genome of T. thermophilus HB8 harbors 11 CRISPR
loci containing three distinct types of repeats, termed R1-3
herein (Figure 1A; Supplementary Figure S1). All
CRISPR loci are constitutively transcribed (26,27).
Irrespective of the CRISPR locus of origin, all crRNAs
in T. thermophilus contain a 50-terminal eight-nucleotide
handle derived from the repeat sequence that results from
sequence-speciﬁc cleavage at the 30 end of the hairpin
structure predicted in each crRNA repeat (27). Three
Cas6 genes have been identiﬁed in the T. thermophilus
genome: TTHB231, TTHB192 and TTHA0078
(Supplementary Figure S1A). Previous structural and
biochemical studies showed that the TTHB192 gene
product, a member of the Cas6e subfamily, cleaves the
R2 repeat found in the two spacer/repeat arrays ﬂanking
the Type I-E (E. coli subtype) Cas operon in the
T. thermophilus genome (10,11). While TTHB231 is
embedded in a hybrid Type I operon ﬂanked by R3
repeat loci, TTHA0078 is not part of any CRISPR locus.
To determine whether the gene products of TTHA0078
and TTHB231 (hereafter referred to as TtCas6A and
TtCas6B, respectively) are responsible for processing pre-
crRNAs originating from R1 and/or R3 repeat loci,
recombinant TtCas6A and TtCas6B proteins were
expressed and puriﬁed from E. coli and tested for
endonucleolytic activity using in vitro transcribed RNAs.
Both proteins cleaved R1 and R3 repeat RNAs efﬁciently,
whereas neither was able to cleave R2 repeat RNA
(Supplementary Figure S1B). To characterize the binding
afﬁnities of TtCas6A and TtCas6B to their cognate crRNA
repeats, we performed EMSAs using 50-[32P]-radiolabeled
R1 and R3 repeat RNAs. The assays were carried out at
51C to ensure RNA binding by the enzymes. As
endonucleolytic cleavage occurred to completion during
the course of the equilibrium binding reactions, the
calculated equilibrium dissociation constants reﬂect
product, rather than substrate, binding. Protein TtCas6A
bound to the R1 repeat cleavage product with an apparent
Kd of 90±21pM, whereas binding to the R3 repeat
cleavage product was approximately 9-fold weaker
(808±154pM). TtCas6B bound to R1 and R3 repeats
with comparable dissociation constants of 1.96±0.28nM
and 3.90±0.78nM, respectively (Figure 1B). The observed
high-afﬁnity product binding is consistent with the
conclusion that, like many other Cas6 ribonucleases, both
TtCas6A and TtCas6B function as single-turnover enzymes
(8,10,14). To test this hypothesis, we performed cleavage
assays at a range of substrate:enzyme molar ratios,
measured the rate of cleavage and quantiﬁed the product
yield (Figure 1C). The cleavage reaction yields scaled
proportionally to enzyme concentration at sub-
stoichiometric enzyme concentrations, while the apparent
ﬁrst-order rate constants remained essentially unchanged,
indicating single-turnover catalysis. Collectively, these
ﬁndings suggest that TtCas6A and TtCas6B are involved
in processing precursor transcripts of repeat R1 and
R3-containing CRISPR loci in T. thermophilus and that
both enzymes likely remain bound to their products
following cleavage.
Crystal structures of RNA-bound TtCas6A and TtCas6B
To determine how TtCas6A and TtCas6B bind and cleave
their RNA substrates, we solved crystal structures of these
proteins, both alone and in complexes with their cognate
RNAs (Figure 2A, Supplementary Table S1). For
TtCas6A, we obtained a structure of the enzyme bound to
an RNA substrate mimic based on the R1 repeat sequence,
consisting of the R1 stem-loop ﬂanked by two additional
nucleotides on either end of the stem. Cleavage of the
substrate mimic RNA was prevented by introducing a 20-
deoxyribonucleotide at the G28 position, thereby removing
the 20-hydroxyl nucleophile required for the cleavage
reaction. In addition to the substrate mimic complex, a
crystal structure of a complex of TtCas6A and a cleaved
RNA product was obtained when full-length R1 repeat was
bound to wild-type TtCas6A and allowed to undergo
cleavage during subsequent complex puriﬁcation and crystal-
lization. Finally, we determined the crystal structure of the
TtCas6A H37A mutant, lacking a critical active-site residue,
in the absence of bound RNA. For TtCas6B, we determined
crystal structures of the wild-type enzyme alone and in
complex with a product of the R3 repeat cleavage reaction.
Overall, both TtCas6A and TtCas6B adopt tandem
ferredoxin/RRM folds similar to those observed for
TtCas6e, PfCas6, Sulfolobus solfataricus Cas6 proteins
SsCas6 and SsoCas6 (encoded by SSO2004 and SSO1437,
respectively), as well as a non-catalytic Cas6 homolog from
Pyrococcus horikoshii (Supplementary Figure S2A and B)
(10,11,15,28–30). The N-terminal RRM domains of the two
TtCas6 proteins also superimpose well with the single
RRM fold found in the structure of PaCas6f (8). The two
TtCas6 enzymes are highly similar to each other and
superimpose with a root-mean-square deviation of 2.1 A˚
over 227Ca atoms, reﬂecting the high degree of sequence
identity (32%) between the two proteins (Supplementary
Figure S2A and B).
In all crystal structures, both TtCas6A and TtCas6B
form crystallographic (RNA-free TtCas6B) or non-
crystallographic (all TtCas6A structures and the
TtCas6B-product complex) dimers (Supplementary
Figure S3A–C), consistent with size-exclusion chroma-
tography results indicating that both enzymes are dimers
in solution. The buried surface area of the TtCas6A dimer
is 924 A˚2, whereas the TtCas6B dimer buries 1008 A˚2.
Strikingly, while the TtCas6B-R3 product crystal structure
reveals a 2:2 stoichiometry, both substrate and product
TtCas6A–R1 RNA complexes crystallized with an
apparent 2:1 stoichiometry, with only one RNA
molecule bound to the non-crystallographic TtCas6A
dimer. Size-exclusion chromatography of TtCas6A and
TtCas6B-RNA complexes used for crystallization as well
as their absorbance ratios at 280 and 260 nm were
indicative of 2:2 stoichiometry (data not shown).
Additionally, both proteins behaved similarly in cleavage
assays (Figure 1C), and no negative cooperativity was
observed for TtCas6A in binding assays. The apparent
2:1 stoichiometry of the TtCas6A–RNA complexes is
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therefore likely a crystallization-induced artifact. The
dimer interfaces are highly similar to those observed in
the structures of S. solfataricus Cas6 proteins (SsCas6
and SsoCas6) (29,30), suggesting that dimer formation is
a general property of many Cas6 proteins (Supplementary
Figure S3D).
Mechanism of substrate recognition and cleavage
As anticipated, the R1 and R3 repeat RNAs form stem-
loop structures. In both proteins, the RNAs bind in a
positively charged cleft located between the two RRM
folds, as observed in the structures of TtCas6e–R2
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Figure 1. TtCas6A and TtCas6B both cleave repeats R1 and R3 and retain their cleaved products. (A) Sequences and predicted secondary structures
of T. thermophilus CRISPR repeats. Sites of cleavage are indicated with blue arrows. TtCas6e (TTHB192) cleaves repeat R2, while TtCas6A
(TTHA0078) and TtCas6B (TTHB231) both cleave repeats R1 and R3. (B) Cleavage product binding afﬁnities of TtCas6A and TtCas6B
enzymes. Maltose-binding protein (MBP)-fused TtCas6A or TtCas6B were bound to 50-[32P]-radiolabeled, in vitro transcribed R1 and R3 RNAs.
Bound and unbound fractions were resolved by electrophoresis on a native polyacrylamide gel and visualized by phosphorimaging. The data for
these and all subsequent binding assays were ﬁt with standard binding isotherms (solid line), unless otherwise stated. Error bars on each data point
denote standard error of the mean (SEM) from three independent experiments. (C) Kinetics experiments to conﬁrm single turnover. RNA cleavage
assays were carried out at indicated protein:RNA ratios. RNA cleavage was monitored using denaturing polyacrylamide gel electrophoresis. The data
from these and all subsequent endoribonuclease activity assays were ﬁt with single exponential curves to yield ﬁrst-order rate constants.
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Figure 2. Structures of TtCas6A and TtCas6B enzymes bound to substrate mimic and product RNAs. (A) Ribbon diagrams showing the overall
views of Cas6–RNA complexes: TtCas6A–R1 substrate mimic (left), TtCas6A–R1 product (middle) and TtCas6B–R3 product (right). Bound RNAs
are depicted in cartoon format and colored in yellow. The scissile phosphate groups are depicted as orange spheres. All cartoon molecular diagrams
were generated using Pymol (http://www.pymol.org). (B) Zoomed-in views of the TtCas6 active sites, shown in the same orientation as in A.
Hydrogen-bonding interactions are denoted with dashed lines; numbers indicate interatomic distances in A˚. (C) Endonuclease activity assays of
wild-type (WT) and active-site mutant proteins. For the TtCas6A H37A mutant, the cleavage assay was additionally carried out in the presence of
500mM imidazole. (D) Active site of TtCas6A undergoes conformational ordering on substrate recognition. Left: zoomed-in view of the active site in
the RNA-free TtCas6A molecule in the 2:1 protein–R1 substrate mimic complex. Right: zoomed-in view of the active site in the RNA-bound
TtCas6A molecule. Hydrogen-bonding interactions are denoted with dashed lines.
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repeat complexes (10,11). In further analogy with
TtCas6e, TtCas6A and TtCas6B complexes also insert a
beta-hairpin from their C-terminal RRM domains into the
major groove of the dsRNA stems (Figure 2A). In
the TtCas6A–substrate mimic complex, the two
nucleotides downstream of the scissile phosphate are
recognized in a sequence-speciﬁc manner through base-
speciﬁc interactions (described in detail later). The
structures of the RNA product complexes of both
TtCas6A and TtCas6B reveal 20–30 cyclic phosphate
groups in the respective active sites, consistent with a
catalytic mechanism involving nucleophilic attack by the
20-hydroxyl of the upstream nucleotide (G28) (Figure 2A
and B).
The active site of TtCas6A is located in a pocket
surrounded by helix a1 and the a1-b2, b10-b11 and
a5-b12 loops (Figure 2B). The scissile phosphate group
is contacted by Arg22 and His37, and positioned in an
extended conformation that would permit an in-line
attack by the 20-hydroxyl of G28 (Figure 2B). His37 is
positioned to hydrogen bond with the 50 or 30 bridging
oxygen atoms, and might therefore act as the general
acid that protonates the leaving group during catalysis,
in addition to charge-stabilizing the scissile phosphate.
The active site of TtCas6B is composed of His23, His42
and Tyr256, whereby Tyr256 and His42 hydrogen bond to
the 20 and 30 oxygens of the cyclic phosphate product. In a
substrate complex, Tyr256 would likely be positioned to
deprotonate the 20-hydroxyl of G28 during nucleophilic
attack, while His42, in analogy with His37 in TtCas6A,
would stabilize the scissile phosphate and protonate the
leaving group.
To shed light on the catalytic mechanism of TtCas6A
and TtCas6B, we performed cleavage assays using wild-
type proteins as well as active-site mutants TtCas6A
H37A and TtCas6B H42A using repeat R1 as a substrate
(Figure 2C). The ﬁrst-order rate constants determined
under single-turnover conditions for wild-type TtCas6A
(3.2min1) and TtCas6B (3.7min1) are in good
agreement with ﬁrst-order rate constants previously
determined for TtCas6e and PaCas6f (10,14). Strikingly,
we found TtCas6A H37A to be almost inactive (17 000-
fold cleavage defect), whereas TtCas6B H42A showed
only a 300-fold cleavage defect, indicating that
despite considerable structural homology, the catalytic
mechanisms of TtCas6A and TtCas6B might be
substantially different. To conﬁrm the role of the active-
site histidine His37 in TtCas6A, we sought to replace the
histidine side chain by adding imidazole (a histidine
mimic) to the cleavage reaction. This protein comple-
mentation strategy using imidazole has been used
recently to convert PaCas6f into an inducible
endoribonuclease (31). In the presence of 500mM
imidazole, the cleavage rate of TtCas6A H37A was
enhanced 360-fold, underscoring the importance of the
active-site histidine in the catalytic mechanism of
TtCas6A.
In contrast to TtCas6A and TtCas6B and many other
Cas6 enzymes, SsCas6 and SsoCas6 (both of which are
active ribonucleases) lack histidine residues at the
position equivalent to H37 in TtCas6A, suggesting that
conserved lysines (Lys25 and Lys28) in helix a1 in both
SsCas6 and SsoCas6 could act as the key catalytic residues
instead (29,30). To determine whether the equivalent and
highly conserved residues in TtCas6A (Arg22) and
TtCas6B (His23) are also involved in catalysis, we
mutated these residues to alanine and performed
cleavage experiments. The resulting ﬁrst-order rate
constants were less than 7-fold lower relative to the
wild-type proteins (Supplementary Figure S4), suggesting
that these residues contribute to substrate binding and
stabilization of the scissile phosphate group during
cleavage, but they are unlikely to function as general
acid or base catalysts in the chemistry of RNA cleavage.
The active site of TtCas6A undergoes a conformational
ordering on RNA binding
The crystal structures of TtCas6A–RNA complexes allow
comparisons of the RNA-free and RNA-bound states of
the enzyme due to the presence of an RNA-free TtCas6
molecule in the crystallographic asymmetric unit. In the
RNA-free TtCas6A, the loop connecting helix a1 and
strand b2 (residues 33–40), which contains the active-site
histidine His37, is disordered (Figure 2D). On substrate
RNA binding, the loop becomes ordered and forms a
short helical segment, as the backbone carbonyls of
Pro40 and His37 form hydrogen bonds with the 20
hydroxyl groups of G26 and G27, respectively, and the
His37 side chain forms a hydrogen bond with the 30-
hydroxyl oxygen of G28. Additional interactions
mediate substrate recognition downstream of the scissile
phosphate; the 6-amino group of A29 forms a hydrogen
bond with the amide carbonyl of Pro34, while U30 is
speciﬁcally recognized through hydrogen-bonding inter-
actions with the backbone amide of Gly85 and carbonyl
of Arg83. The ordering of the His37-containing active-site
loop persists in the product complex, suggesting that
scissile phosphate recognition by His37 and additional
interactions with the ribose–phosphate backbone
upstream of the cleavage site drive the conformational
change on substrate binding.
Recognition of RNA sequence and geometry by TtCas6A
and TtCas6B
In both TtCas6A and TtCas6B, extensive networks of
ionic and hydrogen-bonding interactions are involved in
RNA recognition (Figure 3A and B). In both proteins, the
RNA stem-loop straddles the b10–b11 loop, and is
positioned in a cleft between the active-site loop and a
beta-hairpin (b7–b8) that inserts into the major groove.
In TtCas6A, the hairpin presents Arg129 for sequence-
speciﬁc hydrogen-bonding contacts with the lower three
C-G base pairs in the stem (Figure 3A). TtCas6B lacks an
equivalent residue in the major groove-binding hairpin.
Instead, the side chain of Ser147 hydrogen-bonds to the
base of G25, as the only sequence-speciﬁc contacts with
the RNA (Figure 3A). In both Cas6–RNA complexes, the
ribose–phosphate backbone in the 30 half of the stem-loop
is anchored through a series of hydrogen-bonding
contacts involving the phosphate groups of nucleotides
25–28 and the 20-hydroxyl groups of nucleotide G26 in
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Figure 3. RNA recognition by TtCas6A and TtCas6B. (A) Detailed views of RNA binding by TtCas6A (left) and TtCas6B (right). Hydrogen-
bonding interactions are indicated with black dashed lines. Blue spheres denote backbone amide nitrogen atoms of Lys226 in TtCas6A (left) and
Ala145 and Lys253 in TtCas6B (right). (B) Schematic diagrams of protein–RNA contacts in the TtCas6A–R1 substrate mimic (left) and TtCas6B–R3
product complexes. Amino acid residues contacting the bound RNA via ionic or hydrogen-bonding interactions are highlighted. Blue arrows mark
the scissile phosphates. Red circles denote phosphodiester groups in the RNA backbone. Red lines indicate base-pairing interactions. (C) Base-pair
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the TtCas6A–RNA complexes and nucleotide G27 in the
TtCas6B–product complex, respectively (Figure 3A andB).
A conserved lysine residue (Lys226 in TtCas6A and Lys253
in TtCas6B) found in the a5-b12 loop contacts the base of
G28 with its side chain, while making a hydrogen-bonding
interaction between its backbone amide and the phosphate
group linking nucleotides G26 and G27. The a5-b12 loop,
which corresponds to the Gly-rich loop, a notable feature
of the RAMP superfamily (32,33), makes additional
interactions with the RNA substrates through Ser228 in
TtCas6A and Tyr256 in TtCas6B. Together, at least ﬁve
residues within the beta-hairpin and GhGxxxxGhG motifs
interact with the RNA substrates (Arg129, Agr130, His134,
Lys226 and Ser228 in TtCas6A; Ala145, Ser147, Thr153,
Lys253 and Tyr256 in TtCas6B) and about half of them do
so in a base-speciﬁc manner (Figure 3A and B). Therefore,
as in the structures of PaCas6f (PaCsy4) and TtCas6e
(TtCse3), the RNAs are recognized both via their
sequence and their shape (8,10,11).
To test the importance of the stem sequence for
substrate RNA recognition by TtCas6A, a series of
EMSAs were performed using R1 repeat-derived RNAs
that carried single base-pair substitutions (C-G ! A-U).
All mutant RNAs contained the complete 50 segment and
additional two nucleotides downstream of the cleavage
site. Compared with the wild-type RNA, substitution of
any of the four C-G base pairs in the stem led to about
5-fold decrease in afﬁnity (Figure 3C). This is consistent
with the observation that the lower three C-G base pairs
are speciﬁcally read out by Arg129. The binding defect
observed on mutation of the closing (uppermost) base
pair could be due to destabilization of the stem-loop
structure, as loop stability is typically governed by the
closing base pair (34). To further investigate the protein
determinants of RNA binding, we tested the TtCas6A
mutants H37A and R129A and performed binding
assays using substrates R1 and R3 (Figure 3D).
Mutation of Arg129 resulted in a strong binding defect
with 260- and 290-fold decrease in afﬁnity for R1
and R3, respectively, when compared with wild-type
TtCas6A, in agreement with the observed function of
this residue in simultaneous recognition of the lower
three C-G base pairs in the RNA stem-loop. A similar,
but somewhat weaker, effect was observed for TtCas6A
H37A, which yielded 70- and 90-fold reduction in
afﬁnities for R1 and R3 repeat RNAs, respectively. The
binding defects indicate that besides playing a key role in
the catalysis of RNA cleavage, the His37 side chain also
contributes to substrate binding. This is consistent with
the ordering of the active-site loop observed on substrate
recognition, which appears to be driven in part by the
interaction between the His37 side chain and the scissile
phosphate group.
Recognition of the unstructured 50-segment of the repeat
suggests a two-site model for RNA binding
The structures of TtCas6A– and TtCas6B–product RNA
complexes reveal that besides recognizing the stem-loop,
the enzymes also make speciﬁc interactions with the
upstream RNA sequence. In the TtCas6A–R1 product
complex, two nucleotides upstream of the stem-loop are
observed in 2Fo-Fc electron density maps. The remainder
of the 50 segment of the R1 repeat RNA is not ordered,
although the RNA is intact in the crystal (data not
shown). The purine bases of the two ordered nucleotides
in the 50 segment are inserted into a crevice at the interface
of the two TtCas6A molecules in the non-crystallographic
dimer (Figure 4A). G16 engages in hydrogen bonding with
the side chain of His134 and the backbone carbonyl of
Asp188. The base of A15 is hydrogen bonded to the
backbone amide and carbonyl groups of His134. In the
TtCas6B–R3 product complex, the two RNA molecules in
the asymmetric unit adopt slightly different conformations
at their 50 ends. In one molecule, only one nucleotide
(G17) upstream of the repeat stem-loop is ordered,
forming hydrogen bonds with the side chains of Arg208
and Glu197, each contributed by one TtCas6B molecule in
the non-crystallographic dimer (Figure 4A). In the other
RNA molecule, both G17 and A16 are ordered, and the
base of A16 is tucked in and stacks below the terminal
base pair of the R3 repeat stem-loop (Supplementary
Figure S5A).
Inspection of the molecular surface of TtCas6A reveals
a deep groove tracing the junction of the two RRM folds.
This groove extends from the A15-binding site towards a
highly positively charged patch located on the reverse side
of the protein from the active site (Figure 4B). A similar
groove is observed in TtCas6B (Supplementary Figure
S5B). A sulfate ion is bound to the basic patch in the
structures of both TtCas6A–R1 substrate and TtCas6A–
R1 product complexes, and is contacted by the side chains
of Arg121 and Arg223 (Supplementary Figure S5C). In
the structure of PfCas6 bound to a fragment of its
cognate repeat RNA, nucleotides 2–10 of the repeat
bind to a positively charged groove located on the face
of the protein opposite from the active site (15).
Superposition of the PfCas6 and TtCas6A RNA
complex structures reveals that the basic groove in
TtCas6A overlaps with the PfCas6A RNA binding site
such that the 30 end of the bound PfCas6 RNA
fragment (nucleotide A10) aligns with the 50 end
(nucleotide A15) of the R1 repeat RNA (Figure 4C).
This suggests that the basic groove in TtCas6A might
constitute an additional RNA binding site that interacts
with the unstructured 50 segment of the R1 repeat RNA
upstream of A15. Although neither nucleotides G1-G14 of
the R1 product RNA nor nucleotides G1-U15 of the R3
Figure 3. Continued
contributions to R1 repeat recognition by TtCas6A. A series of RNAs in which individual C-G base pairs were substituted with A-U were prepared
and assayed for binding to TtCas6A using EMSAs. The data for each base-pair substitution are expressed as Kd and as fold reduction in afﬁnity
relative to wild-type R1 RNA. The color-coding follows the schematic diagram of the R1 RNA (left). (D) R1 (left) or R3 (right) product RNA
binding by WT TtCas6A, R129A or H37A mutants was quantiﬁed using EMSAs. The data are plotted as in Figure 1B, with the exception of
TtCas6A H37A, for which a modiﬁed equation using a Hill coefﬁcient for negative cooperativity (n=0.6) was used.
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Figure 4. Recognition of the 50 segment of the repeat RNA. (A) Details of sequence-speciﬁc recognition of nucleotides upstream of the stem-loop in
RNA repeats. Top: TtCas6A–R1 product complex. Nucleotides 1–14 of the R1 product RNA are disordered. Bottom: TtCas6B–R3 product
complex. Nucleotides 1–15 of the R3 product RNA are disordered. (B) Surface electrostatic potential map of TtCas6A identiﬁes a second RNA
binding site. Top: Cartoon diagram of the 2:1 TtCas6A–R1 product RNA complex. RNA is shown in orange. Bound sulfate ions are depicted in
stick format. Bottom: Electrostatic surface potential map of TtCas6A, shown in the same orientations as earlier. Blue, positively charged region; red,
negatively charged region. The positively charged patch located on the surface opposite from the active site is highlighted with a black ellipse.
(C) Structural superposition of the TtCas6A–R1 product RNA (TtR1) and PfCas6–repeat RNA (PfRNA) (PDB code: 3PKM) complexes. TtCas6A
is colored teal; PfCas6 is colored pink. T. thermophilus R1 repeat RNA is colored orange. PfRNA is colored black. Nucleotide A15 of TtR1 aligns
with G10 of PfRNA. (D) Nucleotides in the single-stranded 50 segment of R1 repeat RNA contribute to binding. TtCas6A binding to a series of
truncated RNAs based on the R1 repeat was quantiﬁed by EMSAs as in Figure 1B. The data are expressed as Kd and as a fold binding defect
relative to wild-type R1 repeat. 50-terminal G nucleotides resulting from in vitro transcription are shown in G. (E) Structural superposition of
TtCas6A dimer with P. furiosus repeat RNA, based on the superposition shown in D. TtCas6A is colored according to surface electrostatic potential
and shown in the same orientations as in B. TtR1 RNA is colored orange; PfRNA is colored black. (F) Cartoon model of RNA recognition by
TtCas6 enzymes. TtCas6A binds the stem-loop region of the RNA (red solid line) at the interface of the two RRM-like domains. The two major
elements responsible for the interaction are the variable beta-hairpin and the Gly-rich loop (both depicted in blue). Additionally, the 50 segment of
the repeat RNA (dashed red line) is bound by a distal positively charged cleft.
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RNA are ordered in the respective co-crystal structures of
TtCas6A and TtCas6B, it is possible that in both cases,
this is a consequence of the high ionic strength of the
crystallization condition and the presence of sulfate in
the TtCas6A crystals.
We therefore hypothesized that the unstructured 50
segment contributes to R1 RNA binding by TtCas6A.
To test this, we measured the afﬁnity of TtCas6A for a
series of RNAs based on the R1 repeat in which
nucleotides were progressively removed from the 50 end
(Figure 4D). Deletion of nucleotides 1–8 had little effect
on binding afﬁnity. In contrast, truncation of the R1
repeat RNA beyond nucleotide G9 led to a gradual loss
of binding afﬁnity, with an approximately 900-fold
increase in Kd on deletion of residues 1–13 of the R1
repeat RNA and a complete loss of binding on deletion
of nucleotides 1–14 (Figure 4D). This indicates that
nucleotides 9–13 of the R1 repeat RNA contribute
4 kcal.mol1 to the binding free energy. Together,
these ﬁndings suggest that the 50 segment of the repeat
RNA is recognized by TtCas6A, in a sequence-speciﬁc
manner, and hint at the existence of a second RNA
binding site in TtCas6A that speciﬁcally interacts with
nucleotides 9–13 of the repeat.
DISCUSSION
Cas6 enzymes constitute a class of highly sequence- and
structure-speciﬁc endoribonucleases responsible for the
maturation of crRNAs in Type I and III CRISPR
systems. These proteins constitute a clade within the
larger RAMP superfamily (6,32,33,35). Previous
structural studies showed that several members of this
enzyme class share a common ferredoxin/RRM fold that
provides a platform for pre-crRNA binding and
endonucleolytic processing. However, the extreme
sequence diversity, differences in active-site architecture
and distinct RNA binding modes recognizing RNA
hairpin substrates in some cases and single-stranded
substrates in others have made it difﬁcult to understand
how Cas6 enzymes might have evolved from a common
ancestral protein.
To determine the evolutionary relationship between
distinct members of the Cas6 clade, we determined
crystal structures of two Cas6 enzymes involved in
crRNA processing both alone and in complexes with
substrate and product RNAs. These structures suggest
how the RRM protein scaffold common to Cas6
endonucleases has evolved to recognize two distinct
RNA structural features. In several respects, the RNA
binding mode observed in TtCas6A and TtCas6B
resembles that identiﬁed previously for Cas6e and Cas6f
enzymes. In all of these ribonucleases, the terminal base
pair at the bottom of an RNA hairpin substrate straddles
a beta-hairpin in the C-terminal RRM domain. A highly
variable region inserted between the ﬁrst beta-strand and
the ﬁrst a-helix of the second RRM domain forms a
secondary structure motif (beta hairpin in TtCas6e,
TtCas6A and TtCas6B or alpha helix in PaCas6f) that
probes the major groove of the RNA to provide
sequence- and shape-speciﬁc readout (8,10,11). Another
major determinant of RNA recognition is the Gly-rich
loop motif (GhGxxxxGhG, where h stands for a
hydrophobic residue and xxxxx contains at least one
arginine or lysine), a signature feature of the RAMP
superfamily (32,33). In TtCas6A and TtCas6B, as well
as in other Cas6 enzymes (TtCas6e and SsoCas6), this
loop contributes to RNA recognition by providing
multiple contacts to the phosphate backbone of the
substrate RNAs. The highly divergent sequences found
in the beta-hairpin and GhGxxxxGhG motifs are
therefore the major sources of variability in RNA
binding observed across diverse Cas6 enzymes. Together,
the two motifs have thus provided a scaffold for the
evolution of diverse RNA binding modes in Cas6
ribonucleases. Notably, in TtCas6B, the GhGxxxGhG
motif also contacts the 20-hydroxyl of the ribose
immediately upstream of the scissile phosphate, suggesting
that this motif may also play a previously unrecognized
role in catalyzing RNA cleavage in a subset of Cas6
enzymes.
Our structural and biochemical results further reveal
that RNA binding in both TtCas6A and TtCas6B
involves additional interactions between the enzyme
and nucleotides upstream of the stem-loop structure in
the RNA. In the structures of both TtCas6A–R1
and TtCas6B–R3 product complexes, two unpaired
nucleotides upstream of the stem-loop insert into a
groove at the Cas6 dimer interface for sequence-speciﬁc
recognition. This is reminiscent of RNA binding observed
in a recent structure of SsCas6 (SSO2004) in complex with
a CRISPR repeat RNA predicted to lack secondary
structures (29). Here, SsCas6 speciﬁcally interacts with a
three-base-pair stem-loop motif in the RNA as well as
with three nucleotides upstream of the stem, which bind
at the interface of the SsCas6 dimer. However, in contrast
to SsCas6, our biochemical analysis of RNA binding by
TtCas6A suggests that nucleotides further upstream in the
unstructured 50 segment (at positions 9–13 of the R1
repeat RNA) also make a substantial contribution to the
overall afﬁnity. This suggests that these nucleotides are
also recognized in a sequence-dependent manner, even
though the interaction may be transient and was therefore
not captured in our crystal structures. We hypothesize that
this interaction resembles in part the RNA recognition
mode of PfCas6, a Cas6 protein that recognizes
CRISPR repeat RNAs lacking hairpin secondary
structures. PfCas6 binds nucleotides in the 50-terminal
sequence of its RNA substrate at a region distant from
the endonuclease active site (15). Superposition of
TtCas6A and PfCas6 crystal structures shows that the 50
end of the hairpin RNA bound to TtCas6A aligns almost
perfectly with the 30 end of the single-stranded RNA
bound to PfCas6 (Figure 4C,E). This remarkable
alignment immediately suggests a model in which Cas6
proteins can provide two binding surfaces with
complementary but orthogonal RNA recognition modes
(Figure 4F). The two RNA binding sites have emerged
and to some extent co-evolved in Cas6 enzymes, providing
further plasticity to the substrate recognition mechanism
and enabling these enzymes to accommodate an even
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wider variety of CRISPR repeat sequences and structures
in different CRISPR–Cas systems.
A common property of Cas6 endonucleases is their high
afﬁnity for cleaved products and the resulting lack of
multiple turnover (10,14). In a number of Type I
CRISPR systems, the Cas6 endonuclease is an integral
subunit of the targeting complex, as exempliﬁed by the
Cascade and Csy complexes (5,36,37). Here, retention of
the cleaved RNA product by the Cas6 enzyme is thought
to mediate the assembly of the targeting machineries.
However, in Type III (the Cmr complex) as well as in
some Type I systems (the archaeal Csa complex in
S. solfataricus), the processing endonuclease does not
stably associate with the targeting complex (38,39).
Whether product binding by Cas6 is required for
downstream steps in the interference mechanism of these
CRISPR systems or whether it is simply a consequence of
the highly selective RNA binding mechanism awaits
further study.
The active sites of Cas6 enzymes also display
remarkable plasticity. PaCas6f uses a catalytic dyad
consisting of a histidine and a serine; TtCas6e uses a
histidine, tyrosine and lysine, whereas PfCas6 contains a
histidine and a tyrosine (7,8,10,11,40). Our structures of
TtCas6A and TtCas6B underscore the near-universal
occurrence of catalytic histidines in Cas6 enzymes.
However, the histidine residues are not conserved in
their position relative to the scissile phosphate and
consequently play seemingly different roles in the catalytic
mechanisms—deprotonating the attacking nucleophile in
PaCas6f, protonating the leaving group in TtCas6e,
TtCas6A, TtCas6B and PfCas6 or charge-stabilizing the
scissile phosphate (His23 in TtCas6B) (10,15,40). In
contrast, a subset of Cas6 enzymes (notably SsCas6 and
SsoCas6) lack a histidine in their active sites, suggesting
that other residues (notably lysines) in the alpha-helical
segment C-downstream of the ﬁrst beta-strand of the
ﬁrst RRM fold might assume catalytic roles instead
(29,30). A parsimonious scenario for the evolution of
Cas6 ribonucleases suggests that these proteins derived
from an ancestral RNA-binding RAMP that was
probably an active ribonuclease containing an active-site
histidine residue (32). However, given that the catalytic
efﬁciency of Cas6 enzymes is generally poor and the
active-site architectures are highly variable across the
family, the mechanisms of RNA cleavage have evolved
and diversiﬁed dramatically since the last common
ancestor of Cas6 ribonucleases. This may have been
dictated at least in part by the precise structural
requirements for speciﬁc RNA recognition.
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